We analyze negative-ion resonances in elastic and inelastic total scattering cross sections for slow electron collisions with the heavy-alkali-metal atoms Rb, Cs, and Fr. first excitation threshold of the atomic target in the low-lying spectra of the Rb Ϫ ,C s Ϫ ,and Fr Ϫ negative ions, with available experimental data and other calculations. We provide the resonance parameters, partial and converged total elastic and inelastic scattering cross sections, and discuss the relative importance of relativistic effects for the three heavy-alkali-metal targets.
I. INTRODUCTION
Much experimental and theoretical work has been devoted to the study of the low-lying spectra of atomic and molecular negative ions, and various reviews on this topic are available ͓1-4͔. Negative alkali-metal ions are of particular interest because of their simple structure, consisting of two electrons outside a fairly rigid, but polarizable, noble-gas-like core.
In contrast to the long-range Coulomb potential, which can support an infinite number of states in atoms and positive ions, in the short-range potential of negative ions no more than a few bound states can exist. For the negative ions of the alkali-metals, no clear evidence of the presence of bound excited states has been reported. In this paper, we analyze the spectrum of the negative alkali-metal ions Rb Ϫ ,C s Ϫ ,and Fr Ϫ by studying the collisions between a projectile electron and a neutral alkali-atom target. The temporary capture of the incident electron in the short-range potential of the target induces a characteristic variation in either elastic or inelastic scattering cross sections, which indicates the presence of a resonance state of the projectile electron-neutral atom system. This phenomenon occurs for particular collision energies E r . Resonances are commonly classified as either shape or Feshbach resonances ͓3͔.Ashape resonance occurs when the projectile electron is temporarily trapped in the potential well resulting from the overlap of the attractive short range potential of the polarized atom and the repulsive centrifugal potential. A Feshbach resonance may derive from the potential well associated with an excited state of the target. Feshbach resonances often appear when the kinetic energy of the projectile electron is very close to and below an excited state of the atomic target.
For Rb Ϫ and Cs Ϫ , reliable experimental results are available for electron affinities ͑EA's͓͒ 5 ͔and some autoionizing states ͓3,6-18͔. At impact energies below the lowest four atomic excitation thresholds np j and (nϪ1)d j Ј ͑with nϭ5 for Rb, 6 for Cs, and 7 for Fr, jϭ1/2 and 3/2, and jЈϭ3/2 and 5/2͒, accurate electron-atom scattering experiments are difficult, and up to now only a limited set of measured data for Rb ͓6-8͔ and Cs ͓7-11͔ targets is available. Closecoupling calculations ͓19,20͔ and electron-transmission spectroscopy measurement ͓6͔ of total cross sections for Rb targets have suggested the existence of a 3 P o shape resonance below 50 meV. This result was recently confirmed by our relativistic R-matrix calculations ͓21͔. The first evidence in favor of the Cs Ϫ ( 3 P o ) resonance was presented in semiempirical calculations ͓22͔, and confirmed in an analysis of the broadening of Rydberg states by ground-state Cs atoms ͓23͔. Very recently, a single-photon detachment experiment on Cs Ϫ ͓16͔ has clearly shown that the Cs Ϫ ( 3 P 1 o ) resonance exists at 8 meV above the detachment threshold, in excellent agreement with detailed Dirac R-matrix calculations ͓21,24,25͔. Our scattering calculations are based on the same Dirac R-matrix method and suggest that the 3 P o state of the Fr Ϫ ion is also unbound ͓21͔. The 3 P 2 e fine-structure component was identified in experiments on e Ϫ ϩCs ͓10͔, confirming the theoretical R-matrix predictions ͓24,26͔.
Additional information about the low-lying photoabsorption spectra of Rb Ϫ and Cs Ϫ ions was obtained in other single and multiphoton detachment experiments. The singlephoton detachment technique in a weak laser field was applied for the first time to heavy alkalis in the early 1970's by Patterson et al. ͓12͔ and was improved later ͓13-16͔. Multiphoton detachment experiments were first realized in the early 1990's. Accurate excess-photon detachment experiments also revealed the 1 P 1 o Feshbach resonances in the negative ions of Cs ͓17͔ and Rb ͓18͔ just below the first np j atomic excitation threshold. Calculations of the low-energy photoabsorption spectra of Rb Ϫ and Cs Ϫ below the lowest np j threshold have confirmed these experiments and have predicted similar Feshbach states in the spectrum of Fr Ϫ
͓27͔.
The negative ion of Fr is less well studied, and we are aware of only the calculations by Greene ͓27͔ for the EA and the photodetachment spectrum below the 6d 3/2 excitation threshold. For neutral Fr, recently published energy levels and radiative transition probabilities ͓28͔, as well as theoretical atomic and core polarizabilities ͓29,30͔, provide some of the necessary input for our R-matrix calculations. Based on these data, we have proposed a new value of the EA for Fr ͓21͔.
The available data provided by both theory and experiment suggest that the low-lying spectra of different negative alkali-metal ions are similar. This aspect was previously discussed by Johnson and Burrow ͓7͔ and by Greene ͓27͔.I na recent paper ͓21͔, we investigated e Ϫ ϩRb, Cs, and Fr collisions at energies below 120 meV. Together with the abovementioned 3 P o shape resonance, we have identified a 3 S e virtual state for all three systems.
In the present paper, we will extend the analysis of the low-lying spectra of Rb Ϫ ,C s Ϫ ,and Fr Ϫ , for an energy range up to 2.8 eV above the detachment limit ͑which will serve as the energy reference͒, with the goal to show that similar resonances compose the low-lying spectrum of all three heavy-alkali negative ions. The 3 P e , 1 P 1 o , and 1 D 2 o Feshbach resonances below the first np j atomic excitation thresholds will be identified in both partial and total electron scattering cross sections, and their characteristics ͑position, shape, and width͒ will be given and discussed, e.g., with respect to relativistic effects. This paper is structured as follows: in Sec. II, we briefly review the Dirac R-matrix theory and describe our methods for finding and characterizing negative-ion resonances in electron scattering cross sections. In Sec. III, we discuss our results for e Ϫ ϩFr collisions in comparison with our calculations for Rb and Cs targets, and compare the results for Rb and Cs targets with available experimental and theoretical data from the literature. The conclusions follow in Sec. IV. Throughout this paper we will use atomic units, unless stated otherwise.
II. THEORY
Our present calculations are based on the suite of the relativistic Dirac R-matrix programs ͓24͔, which provides electron-impact scattering data within a two-electron model. The method was extensively discussed by Thumm and Norcross ͓24͔ for e Ϫ ϩCs collisions, and recently applied by Bahrim and Thumm ͓21͔ for e Ϫ ϩRb and Fr collisions. Therefore, in the following we shall only give a brief summary of the Dirac R-matrix method and refer to ͓24͔ for details. In this model, the two active electrons ͑the scattered and alkali valence electron͒ interact with the noble gas-like core through the semiempirical Thomas-Fermi-Dirac-Amaldi potential and a parametric potential which describes the induced polarization of the noble-gas-like core in response to the interaction with an outer electron. We describe the correlation between the two active electrons as the sum of the usual Coulomb interaction and a dielectronic polarization potential V diel which depends on an effective atomic radius R c adjusted such that the experimental EA is reproduced. The parameters used in our potentials are given in Sec. II of Ref.
͓21͔. In order to provide most accurate values for the position of resonances located very close to the atomic excitation thresholds, our present scattering calculations employ experimental excitation thresholds of the neutral atomic target ͑for Rb ͓31͔, for Cs ͓31͔, for Fr ͓32͔͒, rather than theoretical values as in ͓24͔.
Our calculation includes the first five bound states of the target: ns 1/2 , np 1/2 , np 3/2 ,( n Ϫ 1)d 3/2 ,( n Ϫ 1)d 5/2 ͑with n ϭ5 for Rb, nϭ6 for Cs, and nϭ7 for Fr͒ and 28 continuum orbitals ͑COs͒ in each scattering channel. The lack of completeness in the COs basis set is connected by the inclusion of the Buttle correction ͓24,33͔. The two-electron wave functions are expanded in jj-coupled antisymmetrized products of bound and continuum orbitals for 20 J scattering symmetries and up to 18 channels per scattering symmetry where J and are the total angular momentum and the parity for e Ϫ ϩtarget. A scattering channel is defined as a target state coupled with the spin-orbit angular momentum of the scattered electron to a given J symmetry. A study of the convergence with respect to the inclusion of bound atomic valence states for the low-lying resonances of Cs Ϫ was done by Bartschat ͓26͔. His calculations with five and eight atomic states have shown that no significant contribution to the resonances below the 6p excitation threshold results from the addition of higher bound orbitals. In analogy, we expect the inclusion of the five lowest atomic valence orbitals to yield converged results for the low-lying resonances of Rb Ϫ and Fr Ϫ . The eigenvalues E k and eigenvectors of the total Hamiltonian inside the R-matrix sphere yield information on possible negative ion states ͑e.g., the negative ion ground state should be associated with an eigenvector dominated by the ns 2 configuration, with nϭ5 for Rb, 6 for Cs, and 7 for Fr͒. Our calculations are done within an ''R-matrix sphere'' of radius Rϭ40 for all three systems. This value is carefully chosen so that the exchange between the projectile and target electrons is negligible outside the sphere. The negative ion states are found by solving the matching equations on the R-matrix sphere. The analysis of partial cross sections and eigenphase sums ͓defined as
symmetry on a very fine mesh of scattering energies E allows us to identify resonances. For an isolated resonance the phase shift increases by approximately radians near the resonance position E r , and ⌬ J (E) is given as the sum of a slowly varying background phase shift ⌬ 0 and a strongly energy-dependent resonance term
where ⌫ is the resonance width. However, in practice, resonances may overlap or can be strongly influenced by threshold singularities. In such cases Eq. ͑2.1͒ does not provide enough accuracy in finding ⌫. In order to find reliable estimates for ⌫ at all energies, we examined both ⌬ J and the partial cross sections in the relevant J symmetries. We deduced the position E r of a resonance from the maximum of the derivative of ⌬ J as a function of E. We label resonances in the jj-coupling scheme with the set of quantum numbers (nlnЈlЈ;J), where (nlnЈlЈ) denotes dominant configurations. For practical purposes, it is convenient to also distinguish resonances in the LS-coupling scheme ͑where L and S are the total angular momentum and spin quantum numbers of the projectile electron-atom system͒, especially for excited states optically connected to the 1 S 0 e ground state of the negative ion ͑i.e., the 1 P 1 o Feshbach resonances below the first np excitation threshold͒.
In order to decide if features observed in the energy dependence of the cross sections are indeed resonances, it is necessary to find some reliable criteria for their identification and correct labeling. Our identification of a particular 3 L resonance triplet is primarily based on the analysis of the contribution of configurations to the eigenvectors of the total Hamiltonian inside the R-matrix sphere. For triplet resonances, we search in three subsequent J symmetries of the same parity for fine-structure components that are dominated by the same nlnЈlЈ configurations. For example, the 3 P o resonance has to belong to a mixing of nsnЈp configurations ͓21͔. Next, we solve the matching equations in each relevant J symmetry, using a very narrow mesh in collision energy around the eigenvalues associated with the eigenvectors chosen previously. Because the energy splitting between the fine-structure components of the same 3 L term is no larger than a few meV, each J component is shifted by about the same amount relative to the corresponding E k after matching the inner space solutions to the outer space solutions. This is confirmed by Figure 1 shows the converged total elastic cross section and the total converged inelastic cross sections for the transitions ns 1/2 →np 1/2 , np 3/2 ,( n Ϫ 1)d 3/2 ,( n Ϫ 1)d 5/2 ͑with nϭ5 for Rb, nϭ6 for Cs, and nϭ7 for Fr͒ for collision energies below 2.8 eV. To bring the total cross sections to convergence for such collision energies, we need to include 20 symmetries (Jр9 and ϭϮ1) for any of the three targets. For electron scattering by Rb targets at energies below 1.4 eV, Fig. 1 ͓8͔, estimated at Ϯ6%, is in reality twice as large. For collision energies above 1.5 eV, the agreement between our calculations and the two scattering experiments ͓8,9͔ is very good. The structures in our scattering cross sections in Fig. 1 can be related either to the presence of resonances or to threshold effects. The peak close to zero collision energy is due to the 3 P o shape resonance. At zero energy we find a large elastic cross section which is due to the large polarizability of the heavy-alkali atoms ͓29͔͑ inset in Fig. 1͒ . The arrow in Fig. 1 indicates the position of a 3 F o resonance we found for each system. This resonance will be discussed elsewhere.
III. RESULTS AND DISCUSSION
Our Dirac R-matrix results for all three targets are shown in Tables I-V With respect to the R-matrix poles, the matching conditions imposed on the two-electron wave function at the R-matrix sphere shift the position of all three fine-structure components of a given 3 L multiplet upward by approximately the same amount ͑e.g., for Rb: 2-3 meV for the 3 P o , and 1 meV for the 3 P e resonance͒. None of the resonances is entirely characterized by just one configuration. Instead, we observe a distribution over the lowest configurations of a particular nlnЈlЈ series defined by particular values of n, l, and lЈ quantum numbers. The fine-structure components of any particular 3 L resonance can be easily identified since the components of each 3 L multiplet are dominated by the same configurations. The fact that we can define a Landé constant A ͑see Tables I-III͒ for each resonance supports our correct identification of the resonances.
In this section we focus on resonances in e Ϫ ϩFr scattering. Even though Fr was discovered 60 years ago ͓35͔ detailed information about its atomic spectrum has become available only very recently ͓28,32͔. Its atomic and core polarizabilities were published two years ago ͓29͔. The spectrum of Fr Ϫ is very poorly known up to date, with no experimental data and only one previous calculation ͓27͔. Based on the latest available spectroscopic data ͓28͔ and core polarizabilities for Fr ͓29,30͔, we have performed recently relativistic R-matrix calculations for electron scattering by Fr targets at energies below 120 meV ͓21͔, and provided a new value for the EA ͑492.46 meV͒. We have also analyzed the lowest 3 P o resonance ͓21͔. In the present electron scattering calculations, we focus on the 3 P e and 1 D 2 o Feshbach reso- Table I , but for electron scattering by Cs targets, including the experimental data for photodetachment ͓16͔, and data for electron-transmission spectroscopy ͓10͔, and other quantum calculations ͓38-40͔. 
͑3.2͒
The J-averaged width of the 3 P o resonance ͑47.46 meV͒ is about five times larger than for the 3 P e multiplet ͑9.89 meV͒. Figures 2 and 3 show the profiles of the fine-structure components of the 3 P e Feshbach resonance in highly resolved partial and total converged elastic cross section. The large difference ͑by a factor of 50͒ between the resonance widths for the lowest ( 3 P 0 e ) and the highest ( 3 P 2 e ) component ͑Table I͒ did not allow us to fully resolve the 3 P 0 e term in Fig. 3 2 P 3/2 excitation thresholds of Rb are well known from various independent measurements using single-or multiphoton detachment techniques ͓12-14,18͔. The first measurement of single-photon detachment from Rb Ϫ was performed by Patterson and co-workers ͓12͔ by using a hotcathode discharge source to produce alkali-metal negative ions. Afterwards, more sophisticated crossed ion-laser beam experiments ͓13-15͔ were realized and have confirmed the previous measurements of Patterson et al. The high energy resolution in the detachment experiments ͑0.012 meV͒ of Frey, Beyer, and Hotop ͓13͔ allowed to discriminate between the cusp at the 5p 1/2 threshold and the 1 P 1 o Feshbach resonance. Very recently a new multiphoton detachment experiment in a strong laser field was done in Aarhus ͓18͔ which demonstrated that photoabsorption in Rb Ϫ is strongly enhanced when the first photon reaches an energy that coincides with the 1 P 1 o excited state. In these experiments, very narrow 1 P 1 o resonances with window-like shapes were identified just below the first 5p j ( jϭ1/2 and 3/2) atomic excitation thresholds of Rb. The energy E r and width ⌫ of these two 1 P 1 o resonances measured in both single and excessphoton detachment experiments are given in Table IV in comparison with our relativistic R-matrix calculations for electron scattering. Patterson et al. ͓12͔ have identified a narrow resonance with the minimum at 0.5Ϯ3 meV below the 5p 1/2 threshold. In later experiments, Frey, Beyer, and Hotop ͓13͔ and Stapelfeldt et al. ͓18͔ found the minimum of the 1 P 1 o state at about 0.13 meV below the 5p 1/2 threshold ͑Table IV͒. The absolute error in energy in ͓13͔ is Ϯ0.012 meV. We have estimated a width of 0.2 meV from the photodetachment cross section given in Fig. 2 of Ref. ͓13͔͑ Table IV͒. To date, the only calculations for these 1 P 1 o resonances of Rb Ϫ were performed by Greene ͓27͔, who found evidence in the photoabsorption spectrum for very narrow states just below the two 5p j atomic thresholds of Rb. However, compared with the experimental signal ͓13͔, Greene's 1 P 1 o states are narrower and their minima coincide with the position of the 5p j thresholds ͑Fig. 5 in ͓27͔͒. We find two narrow features in the elastic scattering channel just below the 5p j thresholds which can be labeled in the LS-coupling scheme as 1 P 1 o states, due to the large contribution to the associated eigenvector of the 5p j nЈs configurations ͑Table III͒.W e agree with Greene's result in the sense that the minima of the two Feshbach states are located exactly at the 5p j thresholds and therefore, the calculations indicate the 1 P 1 o features as virtual states, rather than Feshbach resonances. The strong dominance of the 5p j nЈs configurations suggests that the 1 P 1 o state is produced in a s-wave scattering channel. Our scattering calculation in the 1 Ϫ symmetry fails to reproduce the window profile of the 1 P 1 o resonances observed experimentally ͓13͔, in contrast to the calculation of Greene ͓27͔. The result of Greene ͑see Fig. 5͑b͒ in ͓27͔͒ shows a significant contribution of inelastic cross sections to the total cross section in the 1 Ϫ symmetry, while in our calculation the inelastic cross section has a weak contribution.
We note that Stapelfeldt et al. ͓18͔ label the autoionizing state located below the 5p 1/2 threshold by a single dominant configuration, 5p 1/2 6s. Our calculation indicates that the 5p 1/2 7s configuration largely dominates ͑with 55.7%͒ the eigenvector associated with this state, and the label ''5p 1/2 7s'' seems to be more appropriate than ''5p 1/2 6s.'' Nevertheless, we prefer to use a general label 5p 1/2 nЈs, to indicate the strong admixture of several configurations. We found no other resonance between the 5p 1/2 and 5p 3/2 thresholds in the 1 Ϫ symmetry. 2 P 1/2 and 6p 3/2 2 P 3/2 excitation thresholds. Figure 5 shows the converged total elastic cross section in a small range of energies around the 6p 1/2 and 6p 3/2 thresholds. The two 1 P 1 o autoionizing states have a similar shape in the elastic scattering channel, but a larger width than those observed in Rb Ϫ . Compared with Rb Ϫ , the total cross section in the 1 Ϫ symmetry for Cs Ϫ obtains a more significant contribution from the inelastic channels above each threshold. In the J ϭ2 Ϫ symmetry, at about 5.8 meV below the 7p 3/2 excitation threshold, we find a resonance which is easily identified as a jump of approximately in the eigenphase sum. Its eigenvector is largely dominated by the same 7pn Ј sconfigurations ͑about 85.7%͒, as the two 1 P 1 o resonances. A weak contribution ͑of 6.6%͒ is due to the 6d 5/2 8p j configurations ͑Table V͒. In order to find the appropriate label in the jj-and LS-coupling schemes, we have analyzed the contribution of dominant configurations for the three R-matrix poles in Table V . These are the closest poles to the 7p 3/2 threshold. Our calculations without the 7p 1/2 nЈd 5/2 and 7p 1/2 nЈd 3/2 configurations, which dominate the eigenvectors E k ϭ1626.30 meV and 1712.60 meV ͑Table V͒, respectively, do not modify the characteristics ͑position and shape͒ of the resonance below 7p 3/2 threshold and change only the background. When each of the dominant 7p 3/2 nЈs and 6d 5/2 8p j configurations of the eigenvector associated to the pole E k ϭ1706.56 meV is left out, the resonance feature below the 7p 3/2 threshold in 2 Ϫ symmetry disappears. When the 7p 3/2 nЈs configuration is left out, both the threshold effect at and the resonance feature below the 7p 3/2 threshold dissapear. In jj coupling, the 7p 3/2 nЈs and np j nЈd j Ј ͑with nϭ7 and 8͒ configurations may contribute to this resonance.
The relevance of the 7p 3/2 nЈs configurations may suggest that the feature below the 7p 3/2 threshold in the 2 Ϫ symmetry is a 3 P resonance, while the 6d 5/2 8p j configurations might support either a triplet P, D,orFresonance, or a singlet D resonance. However, we did not find a triplet resonance in the 0 Ϫ ,1 Ϫ ,3 Ϫ ,and 4 Ϫ symmetries near the 7p 3/2 threshold. Therefore, in the LS-coupling scheme, the resonance symmetry appears to be 1 D 2 o , which is somewhat surprising in view of the weak ͑6.6%͒ contribution of the 6d 5/2 8p j configurations. A general label '' 1 X 2 o '' might be more appropriate and allows for the admixture of P and D total orbital momenta. This ambiguity in finding the label in the LS-coupling scheme favors the jj-coupling scheme. The omission of this correction shifts the resonance energy by 3.3 meV. This reveals the strong influence of high-lying configurations. Therefore, the contribution of the particular configurations listed in Table V should be regarded with some precautions.
The structure in the converged total elastic cross section ͑Fig. 5͒ just below the 7p 1/2 threshold is due solely to the 1 P 1 o resonance in the 1 Ϫ symmetry. Just below the 7p 3/2 threshold, the structure in the converged total elastic cross section results from the overlap between the 1 P resonances simultaneously occur in the low-lying spectra of the three heavy-alkali negative ions investigated here. Our calculations also show that the fine-structure components of a given 3 P term on different negative ions have very similar profiles and almost the same Fano-asymmetry parameter q.
For hydrogenic ions, the fine-structure splitting ⌬E r (J,J Ϫ1) between adjacent levels increases with Z 4 /n 3 , where n is the principal quantum number ͓34͔. This also applies to the low-lying resonances of the heavy-alkali negative ions located below the first atomic threshold np 1/2 . Figure 4 shows the linear dependence of the energy splitting ⌬E r (1,0) to reproduce resonances so close to the atomic thresholds, the theoretical calculation should be done with an accuracy of 10 eV. As far as we know, nobody has reached such high accuracy in computations of the negative ion spectra up to now. Our calculations reproduce the measured positions of the fine-structure terms of triplet resonances within the experimental error in the resonance energy of 1 meV. This precision was obtained in accurate electron scattering experiments for the Cs Ϫ ( 3 P 2 e ) resonance ͓10͔ and is exceeded in photodetachment experiments for the 3 P 1 o autoionizing state of Cs Ϫ ͓16͔͑Table III͒. The difference in accuracy between our calculations of triplet resonances and the 1 P 1 o autoionizing states can be explained in terms of the spatial symmetry of singlet and triplet states as follows.
The Pauli exclusion principle requires the spatial wave function of the singlet state to be symmetric, while a triplet state has an antisymmetric spatial wave function. An antisymmetric spatial wave function tends to keep the two active electrons away from each other. Therefore, for singlet resonances the short-range electronic correlations are more important than for triplet resonances. Our tests with and without the V diel term included in the total Hamiltonian confirm the assumption that the symmetric spatial wave function of a singlet resonance is weakly affected by the long-range potential V diel . In order to accurately describe the 1 P 1 o resonances located below 1 meV from the atomic threshold, short-range electronic correlations are important and more scattering channels need to be included than for triplet states. The experimental evidence shows that the 1 P 1 o resonance is located much closer to the first np 1/2 threshold for Rb Ϫ ͑a few hundred eV below the 5p 1/2 threshold͒ than for Cs Ϫ ͑a few meV below 6p 1/2 threshold͒. Since both our calculations and experiments suggest the Rb Ϫ ( 1 P 1 o ) resonance to be very close to or on the 5p 1/2 threshold, we expect our results for the Cs Ϫ ( 1 P 1 o ) resonance to be more reliable. In future calculations, more bound states ͑i.e., more closed scattering channels͒ need to be included in order to characterize with higher accuracy all 1 P o Feshbach resonances reported here.
IV. CONCLUSION
We have calculated the low-lying spectra of Rb Ϫ ,C s Ϫ , and Fr Ϫ ions by analyzing electron-atom scattering cross sections at collision energies below 2.8 eV. Our calculations are based on the relativistic R-matrix code of Thumm and Norcross ͓24͔. A number of autoionizing states ( 3 P o , 3 P e , and 1 P 1 o ) were identified in the spectra of all three negative ions. For Cs and Fr targets, our calculation indicates the presence of a new 1 D 2 o resonance at a few meV below the lowest np 3/2 atomic excitation threshold. Our electron scattering calculations agree well with available experimental data for Rb and Cs and with other calculations. As far as we know, this is the first electron-scattering calculation for Fr targets. We hope that the present results will stimulate further experimental studies ͑either multiphoton detachment or electron scattering͒ on heavy-alkali negative ions. By using photoelectrons emitted by synchrotron radiation ͓42͔,a ne nergy resolution below 3.5 meV ͑FWHM͒ for electrons with kinetic energies between 0.01 and 10 eV has recently been achieved in electron-transmission experiments. Very recently, Cavalieri and Eramo ͓44͔ have proposed an alternative method which is currently being used for single-photon spectroscopy of high-lying autoionizing states. This new time-delay spectroscopy approach could be a useful tool for the study of autoionizing states with short laser pulses.
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